Background {#Sec1}
==========

Appropriate gestational weight gain (GWG)---reflecting contributions from fetus, placenta, mammary glands, uterus, fat tissue, amniotic fluid, extracellular fluids, and blood volume expansion---is important for a successful pregnancy and avoiding complications such as pre-eclampsia and low birth weight \[[@CR1]\]. GWG varies considerably but is generally lower at higher BMIs \[[@CR1]\].

The gold standard for measuring body composition during pregnancy is a four-component model based on body weight (BW), densitometry, total body water (TBW) determined by stable isotope dilution, and bone mineral content \[[@CR2]\] measured before \[[@CR3]\] or after pregnancy \[[@CR3], [@CR4]\]. However, isotope dilution is time consuming and requires a laboratory. The three-component model, using densitometry and TBW, controls for interindividual variation in fat-free mass (FFM) hydration. Body composition technology such as dual-energy X-ray absorptiometry, yields values for fat mass (FM) and bone mineral. Although the increased risks to both mother and fetus are small, methods involving ionizing radiation should be avoided. The three-component model controls for biological variability in TBW and thus should be more valid than the densitometry two-component model; however, additional control for interindividual variability in bone mineral content---a feature of the four-component model---is considered to achieve little extra accuracy \[[@CR5]\]. There is therefore a need for safe and easy methods to measure body composition during pregnancy.

Densitometry, by underwater weighing or air displacement plethysmography (ADP), is based on the relationship between assumed constant densities of FM and FFM and measures both maternal and fetal tissues \[[@CR6]\]. The increased hydration and change in density of FFM during pregnancy \[[@CR6]\] is a true challenge for calculation of two-component models. Theoretical models of a reference body have been used to estimate FFM densities at various stages of pregnancy \[[@CR7], [@CR8]\]. Others have used three-component \[[@CR9], [@CR10]\] or four-component \[[@CR11], [@CR12]\] models to assess sequential changes in FFM hydration during pregnancy and published hydration constants or FFM densities. New densitometry equations based on estimated changes in FFM hydration and density during pregnancy \[[@CR7]\] have been validated for use in late pregnancy \[[@CR11]\] and for assessing FM changes during pregnancy \[[@CR12]\]. ADP is a user-friendly densitometry method and safe during pregnancy. Although few validation studies of ADP during pregnancy have been performed, it implements the same densitometry theories as hydrodensitometry/underwater weighing to assess a two-component body composition model and a comparative study of two and three-compartment models deemed ADP with adjustments for FFM hydration as the best model for use in late pregnancy \[[@CR13]\].

Bioelectrical impedance analysis (BIA) is quick, safe during pregnancy, and user-friendly. However, neither BIA nor ADP can separate maternal from fetal tissues \[[@CR6]\]. Although BIA has advantages, the abnormal fluid distribution during pregnancy makes different impedance methods either inappropriate or in need of further validation \[[@CR14]\]. Whole-body impedance is mainly predicted by impedance in the limbs \[[@CR15]\]; however, a large amount of water is located in the trunk during pregnancy \[[@CR16]\]. Thus, segmental impedance measurement might be advantageous \[[@CR17]\], particularly in late pregnancy. Cross-sectional TBW has been validated in early and late pregnancy \[[@CR16], [@CR18]\]. Also, descriptive longitudinal impedance pregnancy data has been published \[[@CR19], [@CR20]\] but no previous study evaluated both cross-sectional and longitudinal FM method comparisons by BIA in normal weight and obese women during pregnancy.

Quantitative magnetic resonance (QMR) uses nuclear magnetic resonance (NMR) \[[@CR21]\] to measure FM, lean mass, free water, and TBW \[[@CR22]\] of the maternal--fetal unit. QMR has not been used or validated during pregnancy.

Since quicker and more user friendly methods for determining body composition during pregnancy need to be evaluated, our aims in this study were (1) to compare body composition by BIA and QMR to pregnancy-adjusted ADP and (2) to compare FM changes during pregnancy. If consistent accuracy was found for BIA, this would facilitate quick, easy, and inexpensive body composition measurements in reproductive health care.

Methods {#Sec2}
=======

Study Design and Participants {#Sec3}
-----------------------------

Between April 2009 and April 2014, pregnant with normal weight and obese pregnant women were recruited for the Pregnancy Obesity Nutrition and Child Health (PONCH) study at Sahlgrenska University Hospital, Gothenburg, Sweden \[[@CR23], [@CR24]\]. PONCH is a longitudinal randomized dietary intervention study of normal weight (BMI 18.5--24.9 kg/m^2^) and obese (BMI \> 30 kg/m^2^) Swedish pregnant women. The PONCH study was approved by the ethics committee at the University of Gothenburg, number 402-08. Participants received oral and written information and signed an informed consent document before entering the study.

The inclusion criteria were age 20--45 years and self-reported BMI of 18.5--24.9 kg/m^2^ or ≥ 30 kg/m^2^ at the time of recruitment. Self-reported BMI was only used for inclusion. Exclusion criteria were self-reported diabetes, use of neuroleptic drugs, non-European descent, and vegetarianism or veganism. Pregnancy in trimester 1 was dated from the first day of the last menstruation. Pregnancy in trimesters 2 and 3 was dated by ultrasound in the general maternal health care.

Women in trimester 1 of pregnancy were recruited through written information at maternity care centers in Gothenburg, postings on public billboards, and advertisement on a website for pregnant women. Participants were randomized to a control group or an intervention group. Both the control and intervention groups attended three study visits during pregnancy. The first study visit took place during trimester 1 (weeks 8--12) (Fig. [1](#Fig1){ref-type="fig"}). Follow-up study visits were done in trimesters 2 (weeks 24--26) and 3 (weeks 35--37). Women were asked to fast overnight before study visits. The study visits took place in the morning at the Sahlgrenska University Hospital and included body composition measurements by ADP, QMR, and BIA; all measurements were completed within 2 h. At each visit, blood samples were collected, and the women filled in questionnaires. The visits were the same for both groups, but with the addition of dietary counseling by registered dieticians in the intervention group as previously described \[[@CR23], [@CR24]\]. There were no differences in any of the outcomes of the present study between intervention and control groups within each BMI category, and the data has therefore been pooled (fat mass was for normal weight women 17.3 ± 3.9 kg in control vs 16.9 ± 5.0 kg in intervention groups in trimester 1 and 20.3 ± 4.3 kg vs 21.3 ± 5.6 kg in trimester 3, *p* \> 0.38; fat mass was for obese women 44.3 ± 8.5 kg in control vs 46.0 ± 11.4 kg in intervention groups in trimester 1 and 47.6 ± 11.5 kg vs 49.6 ± 7.0 kg in trimester 3, *p* \> 0.67) The numbers of normal weight and obese participants were 124 and 31, respectively, during trimester 1; 88 and 25 during trimester 2; and 76 and 17 during trimester 3 (Fig. [1](#Fig1){ref-type="fig"}). However, because of missing data in different body composition measures, the number of women analyzed was lower in different analyses. The age of included women was 31.2 ± 3.6 and 31.6 ± 3.3 years in normal weight and obese groups, respectively. BMI was 22.1 ± 1.6 and 34.6 ± 3.6 kg/m^2^ in normal weight and obese groups, respectively.Fig. 1Study flow chart for the Pregnancy Obesity Nutrition and Child Health study*.* FM, fat mass. ADP, air displacement plethysmography. QMR, quantitative magnetic resonance. BIA, bioelectrical impedance analysis. Δ FM was calculated as the FM difference in trimesters 1 and 3. Participants (*n*) denotes number of women at each trimester study visit

ADP with equations adjusted for FFM densities according to van Raaij et al. (ADP~vR~) \[[@CR7]\] was used as our reference method. The reason for using ADP~vR~ as reference method was that pregnancy-adjusted densitometry has been validated for use in late pregnancy \[[@CR11]\] and for assessing FM changes during pregnancy \[[@CR12]\], and provided the best estimate of maternal FM compared with post-pregnancy DXA values in an evaluation of two- and three-compartment models \[[@CR13]\]. These studies also showed that mean FM in trimester 3 and FM gain during pregnancy were higher in the Siri densitometry two-component model than in the four-component model, whereas the densitometry two-component model with van Raaij correction was accurate \[[@CR11], [@CR12]\].

ADP {#Sec4}
---

Body composition was measured by ADP with the Bod Pod Gold Standard system (Bod Pod 2007 A, Life Measurement, Concord, CA) and software versions 4.2.1 and 5.2.0. The coefficient of variation from duplicate measurements on our equipment in 22 individuals was 2.4%. Software quality checks and scale calibrations were done routinely. Subjects were weighed dressed in bathing cap and underwear. Height was measured to the nearest centimeter. The Bod Pod system measured BW with a modified Tanita BWB-627-A electronic scale. The BodPod system performed two measurements of body volume and if the two measurements were deemed inconsistent by the software (criteria for inconsistency not specified by the manufacturer), a third measurement was done. Predicted lung gas volume was used. FM density was kept constant at 0.90 kg/L.

In trimester 1, the FM equation for pregnancy week 10 published by van Raaij et al. \[[@CR7]\] was used (FM~ADPvR1~). BW~1~ is body weight (kg) and Db~1~ is body density (kg/L) in trimester 1:$$\documentclass[12pt]{minimal}
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In trimester 2, FFM density in pregnancy week 25 was 1.095 kg/L, estimated from Fig. [1](#Fig1){ref-type="fig"} of van Raaij et al. \[[@CR7]\]. Based on D~FFM~ 1.095 kg/L and D~FM~ 0.90 kg/L, the following FM~ADPvR2~ equation was developed, where BW~2~ is body weight (kg) and Db~2~ is body density (kg/L) in trimester 2:$$\documentclass[12pt]{minimal}
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In trimester 3, FM was calculated according to the equation published by Hopkinson et al. \[[@CR11]\] (FM~ADPvR3~), who estimated D~FFM~ from van Raaij et al. in pregnancy week 36 at 1.089 kg/L. BW~3~ is body weight (kg) and Db~3~ is body density (kg/L) in trimester 3:$$\documentclass[12pt]{minimal}
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QMR {#Sec5}
---

To measure body composition by QMR, we used an EchoMRI-AH instrument (EchoMRI, Houston, TX) and a homogeneous low-intensity magnetic field of 0.0065 T. The measurements were done in a box (inside dimensions 198 × 61 × 61 cm). Subjects were measured in underwear/light clothing and weighed with a Tanita BWB-620 scale to the nearest 0.05 kg (maximum weight 200 kg). The subject was placed in a comfortable position halfway between sitting and lying and moved into the measurement box. The door of copper net was closed to prevent external electric interference. The integration time for one measurement was set to 3 min. The measurement voxel was the entire volume inside the box. The system was tested daily using 10 gal of canola oil at room temperature (22 ± 1 °C). To further decrease the influence of measurement noise, each examination consisted of four contiguous measurements. Final body composition was calculated as the mean of the last three measurements, unless noted otherwise. One normal weight woman each in trimesters 1 and 2 had only one QMR measurement, which was used for analysis. One normal weight woman each in trimesters 1 and 2 had only two QMR measurements, and data from the second measurement were used. The coefficient of variation from triplicate measurements was 0.3% \[[@CR25]\].

Fat, free water, and muscle mass have different NMR signals \[[@CR21]\] and linear regression analysis formulas calibrated against canola oil, tap water, and lean animal tissues are used to calculate fat, free water, and lean mass \[[@CR26]\]. TBW is derived from the difference between the total amount of protons and the fat found by regression analysis and thus includes both free water and water in lean mass \[[@CR26]\]. The output from a measurement was total fat mass (FM~QMR~), total lean tissue mass, total body water mass (TBW~QMR~), and free water mass (FreeW~QMR~). However, lean tissue mass by QMR is not equivalent to non-FM \[[@CR21]\]. Therefore, to allow comparison to FFM by ADP, FFM by QMR was calculated as follows, using BW measured with a Tanita BWB-620 scale (BW~QMR~):$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ {\mathrm{FFM}}_{\mathrm{QMR}}\ \left(\mathrm{kg}\right)={\mathrm{BW}}_{\mathrm{QMR}}-{\mathrm{FM}}_{\mathrm{QMR}} $$\end{document}$$

In a few cases, BW~QMR~ by Tanita BWB-620 was missing. Therefore, BW by Tanita MC-180MA III (BIA) was used to calculate FFM~QMR~ in two normal weight women in trimester 1 and one normal weight woman each in trimesters 2 and 3. Also, FFM~QMR~ was calculated from the first QMR FM measurement in one normal weight woman in trimester 1, and BW by Tanita MC-180MA III (BIA) and the first QMR FM measurement were used to calculate FFM~QMR~ in one normal weight woman in trimester 2.

BIA {#Sec6}
---

For BIA measurements, we used a Tanita MC-180MA III multi-frequency, eight-electrode segmental body composition analyzer, which has a reported accuracy of 2% \[[@CR27]\]. The coefficient of variation from duplicate measurements on our equipment in 22 individuals was 3.0%. Subjects were measured in underwear, standing barefoot on toe and heel electrodes, and holding the handgrips with arms hanging down a few centimeters from the hip. The eight-electrode method enables segmental impedance measurement. Since ADP reference data do not include segmental analysis, segmental body composition results by BIA are not presented here. MC-180MA measurements were obtained at 5, 50, 250, and 500 kHz at a current of 90 μA or less. Minimum weight graduation was 0.05 kg. Body composition by BIA was calculated from the measured impedance by the manufacturer's proprietary software \[[@CR27]\]. Height to the nearest centimeter, BW, age, and segmental impedance values were used to calculate FM~BIA~, FFM~BIA~, and TBW~BIA~ \[[@CR27]\]. The operator manual provided no further information on body composition calculations.

Statistical Analyses {#Sec7}
--------------------

IBM SPSS Statistics versions 21, 22, and 23 were used for statistical analyses. Descriptive data are presented as mean ± SD. Data from the maximum number of women were used to analyze baseline age, BMI, GWG, Δ FM, and Δ FFM. GWG, Δ FM by ADP and Δ FFM by ADP were calculated as trimester 3 minus trimester 1. GWG was calculated using BW from ADP measurements. FM changes between trimesters 1 and 2 and between trimesters 2 and 3 were calculated as the latest trimester minus the previous one. Pearson's correlation was used to examine the relationship between GWG and both Δ FM (ADP~vR~) and Δ FFM (ADP~vR~). Comparisons of FM determined by different methods in each trimester were analyzed by paired-samples *t* test. FM differences between methods were also analyzed with boxplots and with Bland-Altman plots; in both analyses, ADP~vR~ was the reference method. Bland-Altman plots were analyzed by linear regression to determine whether mean FM by ADP~vR~ + QMR or by ADP~vR~ + BIA could explain FM bias by QMR or by BIA. Limits of agreement in Bland-Altman plots were calculated as mean ± 2 SD. The ability of the methods to measure FM changes between trimesters was analyzed using paired-samples *t* test; ADP~vR~ was used as reference method. *P* \< 0.05 was considered significant.

Results {#Sec8}
=======

Body Composition During Pregnancy {#Sec9}
---------------------------------

Body composition measured by ADP, QMR, and BIA is presented in Table [1](#Tab1){ref-type="table"}, and FM and FFM by ADP~vR~ are visualized in Fig. [2](#Fig2){ref-type="fig"}. For normal weight women, GWG was 11.5 ± 2.9 kg, Δ FM 4.1 ± 3.0 kg, and Δ FFM 7.4 ± 2.2 kg. For obese women, GWG was 8.8 ± 4.9 kg, Δ FM 2.2 ± 4.1 kg, and Δ FFM 6.6 ± 3.5 kg. GWG correlated with Δ FM in normal weight women (*r* = 0.727, *p* = 0.000; *n* = 71, Pearson's correlation) and obese women (*r* = 0.714, *p* = 0.001; *n* = 17). GWG also correlated with Δ FFM in normal weight women (*r* = 0.338, *p* = 0.004; *n* = 71) and obese women (*r* = 0.555, *p* = 0.021; *n* = 17).Table 1Body composition during pregnancy in normal weight and obese women from the PONCH studyNormal weight womenObese womenTrimesterTrimester123123MeanSDMeanSDMeanSDMeanSDMeanSDMeanSDADP~vR~*n* = 64*n* = 17  FM~ADPvR~ (kg)16.94.320.44.321.05.045.79.047.39.047.99.6  FFM~ADPvR~ (kg)46.24.848.94.753.65.253.44.455.94.360.04.6QMR*n* = 50*n* = 14  FM~QMR~ (kg)17.33.721.33.923.04.447.88.049.37.750.77.9  FFM~QMR~(kg)45.73.848.23.751.64.053.35.256.05.359.55.4  TBW~QMR~ (kg)30.72.732.52.435.12.833.73.536.33.838.73.8  FreeW~QMR~ (kg)0.50.11.20.31.30.30.50.11.20.21.50.4BIA*n* = 42*n* = 10  FM~BIA~ (kg)16.13.920.33.823.34.442.87.145.67.145.010.6  FFM~BIA~ (kg)47.54.549.64.352.04.360.67.561.66.467.18.6  TBW~BIA~ (kg)34.23.435.63.037.33.143.55.444.24.548.77.2*ADP*~*vR*~*,* air displacement plethysmography calculated with the FFM densities suggested by van Raaij et al. \[[@CR7]\]. *FM*, fat mass; *FFM*, fat-free mass; *QMR*, quantitative magnetic resonance; *TBW*, total body water; *FreeW*, free water; *BIA*, bioelectrical impedance analysisFig. 2Fat mass and fat-free mass in normal weight and obese women during pregnancy. Individually plotted fat mass and fat-free mass as measured by air displacement plethysmography for normal weight and obese pregnant women from the PONCH study cohort. Black lines represent median. FM, fat mass; FFM, fat free mass; ADP~vR~, air displacement plethysmography calculated with fat-free mass densities adjusted according to van Raaij et al. \[[@CR7]\]; T1, trimester 1; T2, trimester 2; T3, trimester 3

Comparison of Body Composition Methods During Pregnancy {#Sec10}
-------------------------------------------------------

FM assessment methods are compared in Table [2](#Tab2){ref-type="table"}. Differences between methods are illustrated in Fig. [3](#Fig3){ref-type="fig"}. Bland-Altman plots for method comparisons are shown in Figs. [4](#Fig4){ref-type="fig"}, 5, and [6](#Fig6){ref-type="fig"}. All differences presented in this section are statistically significant unless stated otherwise.Table 2Comparison of body composition methods during pregnancy in normal weight and obese womenFat mass differenceNormal weight womenObese womenMeanSD*pn*MeanSD*pn*Trimester 1ADP~vR~−QMR (kg)− 0.91.50.00098− 0.52.50.28727ADP~vR~−BIA (kg)1.23.00.000956.95.00.00022Trimester 2ADP~vR~−QMR (kg)− 1.11.70.00075− 0.71.80.09121ADP~vR~−BIA (kg)0.73.50.112664.24.20.00023Trimester 3ADP~vR~−QMR (kg)− 2.52.40.00056− 1.63.30.05717ADP~vR~−BIA (kg)− 2.13.50.000534.77.70.03515*ADP*~*vR*~, air displacement plethysmography calculated with the fat-free mass densities suggested by van Raaij et al. \[[@CR7]\]. *QMR*, quantitative magnetic resonance; *BIA*, bioelectrical impedance analysis. Statistical significance was determined by paired-samples *t* testFig. 3Differences between body composition methods in normal weight and obese women during pregnancy. The differences are plotted individually for each women and the black line represents the median. FM, fat mass; ADP~vR~, air displacement plethysmography calculated with fat-free mass densities adjusted according to van Raaij et al. \[[@CR7]\]; QMR, quantitative magnetic resonance; BIA, bioelectrical impedance analysis; T1, trimester 1; T2, trimester 2; T3, trimester 3Fig. 4Comparison of body composition methods in normal weight and obese women in trimester 1. Bland-Altman plots illustrating the differences in fat mass (FM) measured by air displacement plethysmography adjusted according to fat-free mass densities reported from Raaij et al. \[[@CR7]\] (ADP~vR~) and by quantitative magnetic resonance (QMR) in normal weight women (**a**) and obese women (**b**) and bioelectrical impedance analysis (BIA) in normal weight women (**c**) and obese women (**d**). Black horizontal line represents mean difference. T1, trimester 1. Note that the vertical scale is − 30 to +30 kg in Fig. 4d

In trimester 1, mean FM was slightly higher by QMR and moderately lower by BIA than by ADP~vR~ in normal weight women. In obese women, mean FM by QMR was not different from ADP~vR~, but with wide limits of agreement (up to 9.9 kg) (Fig. [4b](#Fig4){ref-type="fig"}), whereas mean FM was much lower by BIA than by ADP~vR~ (Table [2](#Tab2){ref-type="table"}).

In trimester 2, mean FM by QMR was moderately higher than by ADP~vR~ in normal weight women. Mean FM was not different from FM by ADP~vR~ in obese women but with wide limits of agreement (up to 7.2 kg) (Fig. [5b](#Fig5){ref-type="fig"}). Mean FM was much lower by BIA than by ADP~vR~ in obese women. Mean FM by BIA did not differ from FM by ADP~vR~ in normal weight women, again with wide limits of agreement (up to 14 kg) (Fig. [5c](#Fig5){ref-type="fig"}).Fig. 5Comparison of body composition methods in normal weight and obese women in trimester 2. Bland-Altman plots illustrating the differences in fat mass (FM) measured by air displacement plethysmography adjusted according to fat-free mass densities from van Raaij et al. \[[@CR7]\] (ADP~vR~) and by quantitative magnetic resonance (QMR) in normal weight women (**a**) and obese women (**b**) and by bioelectrical impedance analysis (BIA) in normal weight women (**c**) and obese women (**d**). Black horizontal line represents mean difference. T2, trimester 2

In trimester 3, mean FM by QMR or by BIA was moderately higher than ADP~vR~ in normal weight women (Table [3](#Tab3){ref-type="table"}). In obese women, mean FM was much lower by BIA than by ADP~vR~; however, FM by QMR and by ADP~vR~ did not differ (Table [3](#Tab3){ref-type="table"}) but had wide limits of agreement (up to 13.2 kg) (Fig. [6b](#Fig6){ref-type="fig"}).Table 3Comparison of body composition methods for assessment of fat mass changes during pregnancyFM change differenceNormal weight womenObese womenMeanSD*pn*MeanSD*pn*Trimester 1--2ADP~vR~−QMR (kg)− 0.41.60.06968− 0.32.50.57118ADP~vR~−BIA (kg)− 0.72.60.04061− 2.93.60.00318Trimester 2--3ADP~vR~−QMR (kg)− 1.31.90.00048− 0.041.70.93415ADP~vR~−BIA (kg)− 2.53.20.000430.87.10.66214Trimester 1--3ADP~vR~−QMR (kg)− 1.62.00.00049− 0.52.90.49515ADP~vR~−BIA (kg)− 3.03.20.00049− 1.37.60.6309*FM*, fat mass; *ADP*~*vR*~, air displacement plethysmography calculated with the fat-free mass densities suggested by van Raaij et al. \[[@CR7]\]. *QMR*, quantitative magnetic resonance; *BIA*, bioelectrical impedance analysis. Statistical significance was determined by paired samples *t* testFig. 6Comparison of body composition methods in normal weight and obese women in trimester 3. Bland-Altman plots illustrating the differences in fat mass (FM) measured by air displacement plethysmography adjusted according to fat-free mass densities from van Raaij et al. \[[@CR7]\] (ADP~vR~) and by quantitative magnetic resonance (QMR) in normal weight women (**a**) and obese women (**b**) and by bioelectrical impedance analysis (BIA) in normal weight women (**c**) and obese women (**d**). Black horizontal line represents mean difference. T3, trimester 3. Note that the vertical scale is − 30 to + 30 kg in Fig. 6d

Bland-Altman plots for FM by QMR in trimester 1 showed that QMR slightly overestimated FM at low mean FM values in normal weight women (R^2^ = 0.063, *p* = 0.013, *n* = 98) (Fig. [4a](#Fig4){ref-type="fig"}). BIA increased FM underestimation at higher mean values in obese women in trimester 2 (R^2^ = 0.307, *p* = 0.006, *n* = 23) (Fig. [5d](#Fig5){ref-type="fig"}). Bland-Altman plots for FM by QMR in trimester 3 showed that QMR slightly overestimated FM at low mean FM values in normal weight women (R^2^ = 0.078, *p* = 0.037, *n* = 56); a similar trend was detected in obese women (R^2^ = 0.192, *p* = 0.079, *n* = 17) (Fig. [6a, b](#Fig6){ref-type="fig"}).

Comparison of Body Composition Methods for Assessing FM Changes During Pregnancy {#Sec11}
--------------------------------------------------------------------------------

Methods of assessing changes in FM are compared in Table [3](#Tab3){ref-type="table"}. All differences in this section are statistically significant unless stated otherwise.

In normal weight women, FM change estimated by BIA was slightly overestimated compared with FM change by ADP~vR~ between trimesters 1 and 2; moderately overestimated between trimesters 2 and 3; and greatly overestimated between trimesters 1 and 3 (Table [3](#Tab3){ref-type="table"}). Compared with ADP~vR~, FM change estimated by QMR was not different between trimester 1 and trimester 2, but was moderately higher between trimesters 2 and 3 and between trimesters 1 and 3.

In obese women, change in FM estimated by both QMR and by BIA between trimesters 1 and 2, trimesters 2 and 3, and trimesters 1 and 3 were not significantly different from FM change by ADP~vR~; however, between trimesters 1 and 2, FM changes were much higher by BIA than by ADP~vR~.

Discussion {#Sec12}
==========

In this study, we analyzed body composition by ADP, QMR, and BIA in each trimester of pregnancy in normal weight and obese women. We found that mean FM by QMR was similar to FM calculated from pregnancy-adjusted ADP in each trimester in obese women, although with wide limits of agreement, but not in normal weight women. Furthermore, mean FM by BIA was similar to FM calculated from pregnancy-adjusted ADP in trimester 2 in normal weight women, with wide limits of agreement, but not in any other trimester in normal weight or obese women. FM changes assessed by QMR and by pregnancy-adjusted ADP were similar throughout pregnancy in obese women, but only between trimesters 1 and 2 in normal weight women. Mean FM changes during pregnancy were higher by BIA than by pregnancy-adjusted ADP in normal weight women. Mean FM changes by BIA and by pregnancy-adjusted ADP were similar between trimesters 1 and 3 and between trimesters 2 and 3 in obese women; however, the BIA values varied considerably. Thus, the Tanita MC-180MA III bioimpedance device with current software is unsuitable for assessing body composition during pregnancy.

In populations with women with a mean normal BMI TBW gain by BIA was 7--8 L \[[@CR19], [@CR20]\], FM gain by dilution was 3--4 kg \[[@CR28], [@CR29]\], and FM gain by a three-component model was 6 kg \[[@CR30]\]. FM gain by four-component models in women classified by BMI was 4--5 kg and TBW gain 7 L in normal weight women \[[@CR3], [@CR4]\], whereas obese women also gained 7 L of TBW, but only 0.2 kg of FM \[[@CR4]\]. The FM gain in normal weight women was in agreement with the present study, but obese women in our study gained slightly more fat.

In our study, BIA mainly failed to similarly assess cross-sectional body composition, when FM was evaluated against pregnancy-adjusted ADP. On the other hand, FM changes by BIA and pregnancy-adjusted ADP were similar in late pregnancy, although only in obese women and with large variations, whereas early pregnancy changes were overestimated. When bioimpedance studies are compared, an important source of error could be the use of different equipment, and especially built-in software and algorithms inaccessible to users. The eight-electrode BIA system we evaluated has only been used once before during pregnancy. In that study, body composition changes were estimated between pregnancy weeks 28 and 37 and the bioimpedance devices differed. Although the measurement occasions and BIA analysis were not fully comparable to those in the present study, the increase in maternal FM was similar to that in obese women in our study but lower in normal weight women \[[@CR31]\].

Cross-sectional TBW by bioimpedance devices (Xitron 4000 and 4200) during pregnancy has been evaluated in earlier studies \[[@CR16], [@CR18]\], and descriptive impedance pregnancy data has also been published \[[@CR19], [@CR20]\]. The results from these studies are quite similar to ours in early pregnancy, but quite large differences are found in late pregnancy in all studies. In a methodological study that estimated TBW by BIA and compared the results with estimates obtained with reference methods (isotope and bromide dilution) during pregnancy \[[@CR16]\], average TBW by BIA was in agreement with reference values in gestational week 14 but was significantly lower than those in week 32. The study concluded that the BIA technique could estimate TBW changes accurately in early pregnancy but not the TBW gain during the whole pregnancy \[[@CR16]\].

In our study, FM changes assessed by QMR were similar to pregnancy-adjusted ADP throughout pregnancy in obese women, but only between trimesters 1 and 2 in normal weight women. QMR overestimated mean FM in normal weight women in all trimesters. TBW gain estimated by QMR was approximately 4 kg in normal weight women and 5 kg in obese women. TBW by QMR is estimated from the total amount of protons and the fat found \[[@CR26]\] and thus could avoid problems related to changes in FFM hydration during pregnancy. Although biased in normal weight and obese nonpregnant women \[[@CR25]\], cross-sectional QMR may be suitable for use during pregnancy, as FM results are independent from changes in FFM hydration \[[@CR22]\] and body shape should not affect NMR \[[@CR32]\]. However, FM measures by QMR can be slightly affected by free water \[[@CR22]\] and thus might derange TBW measures during pregnancy. QMR has not previously been applied or proved to be useful during pregnancy. Our results suggest that QMR is potentially useful, easy, comfortable, and fast for studies during pregnancy; however, further work is needed before it can be generally used in such studies.

We chose to use theoretical FFM density values, which could be a source of error, especially in obesity, which already in the nonpregnant state is characterized by increased extracellular water (ECW) \[[@CR33]\] and therefore lowered FFM density \[[@CR34]\]. However, theoretical FFM densities have been widely used \[[@CR11], [@CR12], [@CR35], [@CR36]\], and the healthy normal weight population used here should probably hardly differ from the Dutch women in the van Raaij studies. Furthermore, the biological variability of hydration constants could reduce the accuracy of two-component models in early pregnancy \[[@CR10]\]. Also, van Raaij et al. discussed possible interindividual variation in composition of the FFM gain and whether the ratio of pre-pregnancy FFM to FFM gain would affect FM calculations, but concluded that the FFM densities based on a reference woman should be appropriate in most cases \[[@CR7]\].

Limitations and Strengths {#Sec13}
-------------------------

There are other possible limitations and sources of error, besides FFM hydration. First, the two-component densitometry model, BIA, and QMR cannot separate fetal tissues from maternal tissues. Second, we used predicted thoracic gas volume. However, use of predicted rather than actual thoracic gas volume has little effect on calculation of body fat percent during pregnancy \[[@CR36]\] and thus is probably acceptable. Third, while the normal weight group was sufficiently powered (post-hoc power analysis achieved a power of 1.0 for both BIA-ADPvr and QMR-ADPvr in trimester 3), the obese group was underpowered (power of 0.6 for BIA-ADPvr and 0.5 for QMR-ADPvr in trimester 3). However, in obese women, the mean difference in FM by QMR and by pregnancy-adjusted ADP was only 0.5--0.7 kg in trimesters 1 and 2, a small nonsignificant difference. Finally, this body composition analysis was part of a larger study with many objectives, methods, and tests for the women included. Therefore, the accuracy of body composition methods was not evaluated against the time-consuming gold standard method which would be of great interest for future studies that focus solely on body composition. The prospective randomized design of the larger study might also has affected the fat mass increase in the women, although no differences in outcome was seen between women in the intervention arm compared with the control arm.

This study had three strengths. First, measurements were made in the last part of each trimester, allowing longitudinal follow-up. Second, the women were classified into BMI groups allowing separate analysis within normal weight and obese categories. Finally, this is the first study to publish QMR body composition measurements during pregnancy.

Conclusions {#Sec14}
===========

In this study, we present body composition data determined in all trimesters of pregnancy by ADP, QMR, and BIA in normal weight and obese women. Compared with previous longitudinal studies, fat accumulation during pregnancy was close to expected values in normal weight women, but slightly more than expected in obese women. QMR, a new precise method for assessing body fat, produced results similar to FM by ADP according to van Raaij et al. \[[@CR7]\], although with wide limits of agreement, and without systematic bias in obese women. Thus, with the wide QMR limits of agreement for mean FM in obese women (although much narrower than by Tanita MC-180MA III), individual assessment seems uncertain when compared with FM by pregnancy-adjusted ADP. Mean FM by QMR was overestimated throughout pregnancy in normal weight women, and the small bias was systematic in early and late pregnancy. QMR should be further validated before clinical use, preferably against a four-component model. Bioimpedance by Tanita MC-180MA III with in-built software produced imprecise measurements of mean FM, which differed from mean FM by pregnancy-adjusted ADP. Thus, BIA with the Tanita MC-180MA III should not be used for cross-sectional assessment of FM measures during pregnancy. Mean FM changes by QMR and pregnancy-adjusted ADP were similar throughout pregnancy in obese women but only in early pregnancy in normal weight women. Longitudinal FM changes during pregnancy should not be assessed by Tanita MC-180MA III in normal weight or obese women.

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Jan-Erik Angelhed extracted the QMR data. Niklas Bosaeus managed and extracted the BIA data. Jeanette Pettersson took care of the study visits for study participants.

Open access funding provided by University of Gothenburg. Supported by grants from Novo Nordisk Foundation, the Swedish Research Council (No. 12206), the Swedish Diabetes Association Research Foundation, the Swedish federal government under the LUA/ALF agreement, IngaBritt and Arne Lundbergs Foundation, Freemasonry Barnhus Board in Gothenburg, Swedish Nutrition Foundation, Wilhelm and Martina Lundgren Foundation, the Gothenburg Medical Society, Adlerbertska Foundation, and Queen Silvia's Jubilee Fund.

The authors declare that there is no conflict of interest.

The PONCH study was approved by the ethics committee at the University of Gothenburg, number 402-08. Participants received oral and written information and signed an informed consent document before entering the study.

ADP

:   air displacement plethysmography

BIA

:   bioelectrical impedance analysis

BW

:   body weight

D

:   density

FFM

:   fat-free mass
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:   fat mass

FreeW

:   free water

GWG

:   gestational weight gain
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:   nuclear magnetic resonance
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TBW

:   total body water
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T2
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